The obtained results from this analysis demonstrated the power of our graph-based approach in identification of functional RREs based on co-expression graphs.
Application of GRAFFER to Cell cycle transcriptome
For the T. brucei cell cycle co-expression graph, we extracted expression profiles from (6) and considered genes that showed at least a 1.5 fold change in one cell cycle stage compared with early G1 phase. This dataset comprised of four cell states, monitoring gene expression as T.
brucei cells move through cell cycle (Early G1, Late G1, S phase, and G2/M phase). Performing the same steps as our previous attempt, we applied GRAFFER on the constructed co-expression graph from this dataset. In this case, our approach identified five significant motifs (S12. Table) . The low number of significant motifs was anticipated because of the low number of samples in the dataset. Comparison of the predicted motifs with experimentally established motifs revealed that one of our motifs matched a well-studied RRE in trypanosomatids. This experimentally validated RRE is involved in cell cycle regulation in trypanosomatid organisms (7) . Importantly, genes harboring each of these experimental and computational motifs were significantly upregulated in the late G1 cell cycle phase (S12. 
T. brucei 3′-UTR sequences
The 3′-UTR sequences were downloaded from TriTrypDB v.5, considering lengths reported in (8) . In cases of alternative poly-adenylation, the median length was selected. In cases that gene did not have an identified 3′-UTR length, 400nt (the median 3′-UTR length of T. brucei genes) downstream of the translational stop codon was selected. Preliminary analysis of 3′-UTR lengths revealed that although the median length is 400nt, some transcripts can have very long 3′-UTRs (S13.a Fig) . Recent discoveries suggested that alternative poly-adenylation site selection can have regulatory impact on the expression level of transcripts in different organisms (9) . For transcripts with alternative 3′-UTRs, the longer isoforms potentially have more binding sites for RNA-binding proteins and/or miRNAs. In general, the outcome of having more regulatory regions is that isoforms with shorter 3′-UTRs have elevated expression levels compare with the longer isoforms of the same transcript (10) . In support to the regulatory role of alternative polyadenylation site selection, the 3′-UTR length of at least one transcript in T. brucei is reported to be developmentally regulated (11) . Moreover, alternative trans-splicing (which can lead to variation in 3′-UTR lengths) plays a role in the developmental regulation of some T. brucei genes (12) .
Previous studies on T. brucei suggested that poly-adenylation site selection in this organism is linked to the selection of the downstream 3′-splice-acceptor site (13). Considering both dependency on splice-acceptor-site selection and the error in sequencing that may occur because of the low complexity of 3′-UTR regions, the existence of minor variations on detected polyadenylation sites was anticipated. To test the possibility that gene expression is regulated by alternative poly-adenylation site selection, we first examined the agreement between two published studies on poly-adenylation sites of T. brucei transcripts (8, 14). Considering each study independently, we defined poly-adenylation regions by considering ±50nt around each detected poly-adenylation site. If two adjacent poly-adenylation sites had overlapping regions, relevant regions were merged and the new region was defined as the union of both. Thus, two poly-adenylation sites in different regions would be at least 100nt far from each other, shown schematically in S13.b Fig. By applying this selection criterion, we tolerated false negative results to reduce false positives. This analysis revealed that for many genes in T. brucei, there are at least two poly-adenylation regions supported by two independent studies (S13.c Fig) . Next, we examined the agreement of 3′-UTR length variation for transcripts with at least two polyadenylation regions in both studies. Considering standard deviation of 3′-UTR length variation obtained from each article, we observed a moderate but significant agreement for 3′-UTR length variation between the two studies (S13.d Fig) . This result demonstrated that 3′-UTR length variation is replicable and two independent experiments with different coverage levels produced similar results. Intriguingly, we found that although transcripts with very long 3′-UTRs (length > 1000nt) are usually downregulated under most biological conditions (as expected); these genes are significantly upregulated in some specific stress conditions (S14 Fig). Coherent upregulation of these genes under some stress conditions could occur by disruptions in 3′-UTR length regulation mechanisms under these stress conditions or by up-or downregulation of some specific RBPs that mediate 3′-UTR length variation in response to the stress. Considering 3′-UTR lengths according to (8), statistical analysis of transcripts with long 3′-UTRs (length > 1000nt) showed that these transcripts have a significantly tendency to have more than one polyadenylation region (Mann-Whitney rank sum, − < − ). Unfortunately, most poly-adenylation sites in T. brucei were detected in only one cell state (Procyclic form, logphase). This restricted us to examining whether different isoforms of some transcripts are preferred in different cell states, but these data suggested that there may be other regulatory mechanisms in parallel to RREs, which regulate the expression levels of T. brucei genes, particularly for genes with long 3′-UTRs. Coherent up-or downregulation of these transcripts implies that they have predictable expression patterns, independent of their long 3′-UTR sequences. Besides, this coherency in expression patterns resulted in their significant connections to each other in the constructed co-expression network ( − < − ). The significant connections of these transcripts to each other along with their long 3′-UTRs could compensate for the random distribution of some non-functional motifs, leading to a bias in our motif prediction approach. To take these issues into account, we restricted the maximum 3′-UTR length for each transcript to 1000nt (i.e., the first 1000nt of 3′-UTR regions were considered for motif prediction). We found that replacing considered 3′-UTR lengths with the defined lengths by Siegel et al. (8) has no effect on the significance state of 88 predicted motifs, with only one exception (S15 Fig) . It is likely that by considering the whole 3′-UTR lengths instead of the truncated version, the approach will predict more motifs that may not be biologically relevant.
RNAcompete
RNAcompete is a single-cycle competition based approach whereby 240,000 different sequences compete to bind to a single RBP (3, 15 To determine if a GRAFFER motif represents significant similarity with an RNAcompete motif, we set two criteria: 1) sequences containing the computationally predicted motif should be preferentially bound by the corresponding RBP; 2) both RNAcompete and GRAFFER motifs should show similarity at the sequence level, ensuring they both target a similar set of genes. To measure the preference for binding, RNAcompete probes containing the GRAFFER motif were identified and their preferences were examined using the Mann-Whitney sum of ranks test (from an RNAcompete assay) with consensus pattern of XXVUGAV is XXVUGA. However, the highly degenerate parts of computationally predicted motifs can match with many different conserved regions derived from different RNAcompete assays. For example, computational motifs that contain the fully degenerate sequence of length five (NNNNN), share common sequences with all well conserved regions of length five. To address this issue, we defined a degeneracy rate measure as the entropy of the part of a computational motif that matches with a well-conserved region divided by the entropy of a fully degenerate sequence with the same length. We only accepted matches with a degeneracy rate of below 50%. In cases where more than one GRAFFER motif matched to the RNAcompete assay, the motif with the highest enrichment was selected.
Comparison with previous studies
To evaluate the performance of our graph-based approach, we compared the GRAFFER results with three other genome-wide studies conducted on T. brucei (16) (17) (18) . It is important to note that RREs are not extensively characterized in T. brucei; which forced us to compare the results of each study with a limited set of previously known RREs. Therefore, some of the novel RREs predicted by these approaches may be valid, but not discovered yet. Two of these studies applied the FIRE program (2) in different contexts to predict RREs. FIRE is an information theory-based approach that seeks informative RREs from clusters of co-expressed genes. An independent experimental study showed that the predicted motifs for human are of high quality (19) . The third study applied an alignment-free approach, which benefits from simultaneous consideration of four closely related Trypanosomatid species: T. brucei, T. cruzi, T. vivax and T. congolence.
In the first genome wide analysis of T. brucei genes, the lack of genome-wide experiments available at the time caused the authors to predict "function-specific" RREs by clustering genes according to their function (16) . This analysis led to the identification of 21 RREs in the 3′-UTRs of T. brucei genes. Considering the same criteria as applied for the GRAFFER motifs, four out of the 21 predicted motifs showed significant similarity with only four different RNAcompete motifs (S4 Table) . Predictions did not match with other experimentally-derived motifs.
In the second genome-wide analysis of T. brucei genes, whole genome microarray data was available; therefore, the authors employed a sophisticated approach for direct integration of transcriptome measurements obtained from three independent studies (17) . Importantly, two of the transcriptome datasets used in the study are also used for predictions of RREs in our approach. Clustering of the co-expression network and application of FIRE algorithm in this case had led to the prediction of 14 RREs. Comparison with RNAcompete results revealed that three of the 14 predicted motifs showed significant similarity with only three different RNAcompete motifs (S4 Table) . Predictions did not match with other experimentally-derived motifs.
In the third genome-wide analysis of T. brucei genes, a novel algorithm (COSMOS) was developed on the assumption that orthologous genes in close organisms tend to have a similar set of RREs (18) . Application of COSMOS on four closely related Trypanosomatid organisms revealed 222 linear and 166 structural motifs that are conserved among these four organisms.
Comparison with RNAcompete results revealed that nine of the 388 predicted motifs had significant similarity with nine different RNAcompete motifs (S4 Table) . However, considering the GRAFFER and COSMOS motifs that matched to the same RNAcompete motif, in all cases the GRAFFER motifs showed higher selectivity (higher enrichment) than the COSMOS motifs.
It should be pointed that COSMOS was also able to identify three further well-studied motifs.
One of them is a structural motif that could not be predicted in the current implementation of GRAFFER algorithm (GRAFFER only searches for linear motifs). The other two are cell cyclerelated motifs. GRAFFER successfully discovered one of these motifs from the transcriptome data of cell cycle progression (see above). However, the second motif is related to a set of transcripts with subtle variations in their expression, as mentioned in (6) . In our motif prediction pipeline, we constructed co-expression graphs by focusing on highly variable genes. Therefore, we most probably missed this motif because we did not have its cognate targets in the coexpression graph. Red vertices represent transcripts containing at least one instance of the motif in their 3'-UTR, blue vertices represent first neighbors of red nodes in the co-expression graph. Black vertices represent the other genes in the graph. Intra-interactions (red edges) are defined as interactions among red vertices. Inter-interactions (blue edges) are defined as interactions between red vertices and blue vertices in the co-expression graph. The modulation score measures the connectivity density of targeted genes by a motif. For the illustrative purposes, all edge weights are considered equal to one. (a) Z-scores and the number of targets for significant motifs in the T. brucei integrated co-expression graph. (b) Strand bias analysis of GRAFFER motifs. Eighty-four motifs (black nodes) were only significant in the forward strand; while, only four motifs (red nodes) were significant in both strands. We used g:profiler web server for enrichment analysis (24) . In our analysis, we only considered categories with between 50 upto 1500 annotated genes. Each module was analyzed independently and enriched terms with Benjamini corrected p-value less than 0.01 were selected. To avoid redundant GO- hly similar to each other because of the existence of experimental replicates and/or conserved RNA binding domains). The bold blue frame indicates cases in which the GRAFFER motif was enriched (two tailed hypergeometric, p-value <0.01) among the RNA targets of the RBP as reported in (3); and the bold black frame indicates not enriched among the target RNAs. 
S6 Fig. Comparison of GRAFFER
we set two criteria: 1 human miRNA. We used g:profiler web server for this analysis (24); 2) The 5′-extermity of the miRNA should match to the reverse complement of the pr 7 represent the binding sites for 10 human miRNAs. match with miRNAs, but also they can represent the binding site of RBPs (highlighted with the box). Comparison of an experimentally established RRE (UAUUUUUU) that is involved in developmental T. brucei . As shown, both developmental responses. a) Transcripts targeted by the experimentally-derived or GBM_TB_17304 were selected and then tested for a using MannExpression data were extracted from (20) . b) Proteome T. brucei were analyzed using Mann-Whitney Protein expression data were extracted from Gunasekera et al. 
GBM_TB_17304
S S v s . L S -G u n a s e k e r a e t a l . P F v s . L S -G u n a s e k e r a e t a l . P F v s . L S -B u t t e r e t a l . P F v s . L S -U r b a n i a k e t a l . (a) 3′-UTR length variation of T. brucei genes according to Siegel et al (8) . In cases where a gene has alternative poly-adenylation sites, the 3′-UTR length is defined as the median length; (b) schematic representation of the defined poly-adenylation sites. Upward arrows represent the location of detected poly-adenylation sites for a gene. Each region is defined as 50nt before and after the detected poly-adenylation site. If the distance between two poly-adenylation sites was less than 100nt, the two corresponding regions were merged together. (c) Number of polyadenylation sites and regions determined in two independent studies. As shown, many genes have more than one determined poly-adenylation region. Z−score truncated UTR length Z−score Real UTR length
